Abstract. Damage detection and localization in civil engineering constructions using dynamic analysis has become an important topic in recent years. This paper presents a methodology based on non-destructive detection, localization and quantification of multiple damages in simple and continuous beams, and a more complex structure, namely two-dimensional frame structure. The proposed methodology makes used of Firefly Algorithm and Genetic Algorithm as optimization tools and the Coordinate Modal Assurance Criterion as an objective function. The results show that the proposed combination of Coordinate Modal Assurance Criterion and Firefly Algorithm or Genetic Algorithm can be easily used to identify multiple local structural damages in complex structures. However, the convergence rate becomes slower for the case of multiple damages compared to the case of single damage. The effect of noise on the algorithm is further investigated. It is found that the proposed technique is able to detect the damage location and its severity with high accuracy in the presence of noise, although the convergence rate became slower than in the case when no noise is present. It is also found that the convergence rate of Firefly Algorithm is much faster than that of Genetic Algorithm.
Introduction
Damage detection in civil engineering constructions using dynamic system parameters has become an important research topic. The cost of repair is obviously less than that required to reconstruct the whole structure. Visual inspection technique has a limited capability to detect damage, especially when damage lies inside the structure and is not visible. During the last decades, the use of the dynamic system parameters such as natural frequencies, damping ratio and mode shapes to detect damage qualitatively and quantitatively has been studied intensively. Besides, it is very important to ensure the integrity and stability of structures, to prevent extensive failure, and to reduce the cost of maintenance [1] . The reason of this popularity is the ease of measuring modal parameters on real structures. The natural frequencies and the mode shapes are directly related to the stiffness of the structure. Therefore, a drop in natural frequencies or a change in mode shapes will indicate a loss of the stiffness. As cracks create new surfaces, the damping ratio will increase when damage progresses in the structure.
Genetic Algorithm is a very attractive technique compared to conventional optimization methods because it does not require a search within the entire space of solution [2] . Likewise, Firefly Algorithm is one of the most powerful algorithms for optimization [3, 4] . The change in modal parameters e.g. natural frequencies, damping ratios and mode shapes can easily indicate the presence of damage and its severity. Applications of this concept have been reported in the literature, such as damage detection in composite materials [5] and in off-shore structures [6] . For a better localization of damage, other dynamic parameters have been proposed, namely power spectral densities [7] and curvature of mode shapes [8] , which showed more sensitivity to damage than the mode shapes themselves. Application of this method to bridges has been reported in the literature by many researchers, e.g. Williams and Salawu [9] , Sikorsky and Stubbs [10] and Farrar and Jauregai [11] .
The above technique is called the "response-based approach" since the response data are directly related to damage. This approach is therefore fast and inexpensive. Another method known as "the model-based approach" [12] [13] [14] [15] [16] has been proposed to detect damage based on updating certain parameters to get perfect agreement between the experimental measured modal parameters and an initial finite element model. The updated parameters can be used afterwards to evaluate damage and identify its location. The drawback of such a method lies in the requirement of reducing the numerical model or extending the measured modal parameters. This is due to the fact that not all degrees of freedom in the numerical model can be measured because of practical reasons. This second approach is more expensive and time consuming than the former approach. However, the latter approach is more suitable for complex structures. For an introductory textbook for the updating techniques and their applications, the reader may refer to Friswell and Mottershead [17] . Adams and Coppendale [18] have presented methods of identification of defects in a qualitative relation to the location of defect and its importance. Damage approach prediction in beam and plate structures with initiated damage was presented in the literature [19] . The results provided the basis for the development of diagnostics algorithms. Khatir et al. [20, 21] have used MAC, COMAC and LFCER for detecting and locating damage in beam-like structures using vibration analysis. Amrane and Sidoroff [22] dealt with the evaluation of the residual modal energy in glass/epoxy unidirectional fibrous composite beam at a desired state using vibration analysis, while Khatir et al. [23] worked on the damage detection and localization based on vibration analysis using Bat algorithm on thin plates using vibration analysis.
In this paper, the multiple structural damage identification and localization problem is addressed by means of Firefly Algorithm (FA) and Genetic Algorithm (GA). The objective function used in the optimization process is based on vibration data using Co-ordinate Modal Assurance Criterion (COMAC). Various numerical examples are performed on simply supported beam and a two-dimensional frame structure. The paper is organized as follows. In Section 2, the optimization technique based on FA and GA, and the objective function based on COMAC are described. Applications of the proposed technique to a damaged beam and a 2-D frame structure are presented in Section 3. The effect of noise on the efficiency of the algorithm is investigated in Section 4. Finally, some concluding remarks are given in Section 5.
Description of optimization method

Genetic algorithm for damage detection
Genetic Algorithm, originally developed by Holland [24] , combines algorithms to solve optimization problems using the principles of evolution. It demonstrated excellent operations in combinatorial optimization that have a finite solution. Potential solutions are sought through a population of individuals, i.e. candidate solutions, which evolve towards an optimum solution. Each individual has a set of properties, known as chromosomes, which can be mutated and altered during the optimization process. The initial population usually generates random individuals and the evolution progressed in an iterative way. After each iteration, a new population, called a generation, is created. During the process of GA, a fitness function, which has the value of objective function in an optimization problem, is evaluated in each iteration. The individuals that best fit the objective function are selected and used in the next generation after recombination and possibly random mutation and reproduction. The iteration process continues until either a satisfactory minimization of the objective function is obtained or the maximum defined number of iterations is reached.
In our study, the individuals are the sets of damage parameters and the chromosomes are the damage parameters themselves, i.e. the stiffness of the structure at different locations, and the fitness or objective function to be minimized is based on COMAC as it will be presented later in section 2.3. All numerical studies presented in this paper are implementing in MATLAB. In applying GA, the following steps are programmed:
Step 1: Creating a random initial population of individuals and elements' stiffness as chromosomes.
Step 2: Creating a sequence of new populations at each iteration using the current population. To achieve this step, the algorithm does the following:
• Compute the score of each individual by calculating its fitness.
• Convert the fitness scores into a more usable range of values.
• Select individuals or members, called parents, based on their scores.
• Select individuals or members, called elite, which have lower score, and pass them to the next generation.
• Produce children from the parents by making random changes to a single parent (mutation) or combining a pair of parents (crossover).
• Form the next generation using the current population and its children.
Step 3: Stop the algorithm when the stopping criteria is met. In our implementation, the maximum number of iteration is set equal to 100.
Firefly Algorithm for damage detection
The Firefly Algorithms focus on the variation of light intensity and formulation of the attractiveness. To simplify this concept, we can always consider that the attractiveness of a firefly is determined by its brightness, which in turn is associated with the encoded objective function based on frequencies, e.g. comparing the measured and calculated frequencies as in our case, where the brightness of a firefly at a particular location x can be chosen as ∞ . However, as the attractiveness is relative, it should be seen in the eyes of the beholder or judged by the other fireflies [25] . Thus, it will vary with the distance between firefly and firefly .
Some of the flashing characteristics of fireflies can be realized in order to develop fireflyinspired algorithms. For the description of Firefly Algorithm (FA) that is used herein, three rules will be considered: 1) All fireflies are unisex so that one firefly will be attracted to other fireflies regardless of their sex;
2) Attractiveness is proportional to their brightness, thus for any two flashing fireflies, the less bright one will move towards the brighter one. The attractiveness is proportional to the brightness and they both decrease as their distance increases. If there is no brighter one than a particular firefly, it will move randomly;
3) The brightness of a firefly is affected or determined by the landscape of the objective function. For a maximization problem, the brightness can simply be proportional to the value of the objective function.
In addition, light intensity decreases with the distance from its source, and light is also absorbed in the media, so the attractiveness variation with the degree of absorption must be allowed. In the simplest form, the light intensity varies according to the inverse square law:
where is the intensity at the source. For a given medium with a fixed light absorption coefficient , the light intensity vary with the distance r, i.e.:
where is the original light intensity. As a firefly's attractiveness is proportional to the light intensity seen by adjacent fireflies, the attractiveness of a firefly can be defined by:
where is the attractiveness at = 0. In our study the parameters used are , where the scaling parameters ( = 1,..., ) in the dimension should be determined by the actual scales of the problem of interest.
Objective function
The objective function used in this study is based on the Co-ordinate Modal Assurance Criterion (COMAC) [26] . The COMAC is calculated over a set of mode pairs, which can be numerical/numerical, numerical/experimental or experimental/experimental set of data. It is an extension of the classical well-known Modal Assurance Criterion (MAC), which is widely used by researchers for modal correlation. The main intension of the COMAC is to identify which measured degrees of freedom contribute negatively to a low value in the MAC matrix. In other words, it localizes the mismatch in the structure between two mode pairs of modal data. In damage detection application, these mode pairs are for those of damaged and intact structures. The two modal vector COMAC uses the eigenvectors for each degree of freedom ( ) in the structure and is given by [26] :
where and are the healthy and damaged mode shapes, respectively, is the indices for (measured) degree of freedom number, is the indices for mode shape number and is the total number of modes considered in the calculation. The COMAC values vary between 0 and 1 and for a good correlation it should be close to 1. Therefore, in damage detection application, COMAC should be far below 1 at a damaged location in the structure. Based on COMAC, the objective function to be minimized is defined as follows:
In order to determine the eigenvectors required to calculate COMAC for intact and damaged structures, finite element simulations were carried out. Classical Euler-Bernoulli beam element was programmed in MATALAB and eigenvalue problem is solving to determine the modal data. The equation of motion can be obtained for free vibrations, in the absence of damping, and is written as:
where [ ] and [ ] are the mass and stiffness matrices, respectively and is the displacement vector. By solving Eq. (6) for the eigenvalues and eigenvectors, the data required for COMAC are obtained. In applying GA to beam structures, hard constrains of the stiffness by specifying maximum and minimum values are considered. The maximum value is the stiffness of the intact beam, while the minimum value is set equal to zero.
Results and discussion
In this section, we investigate the accuracy of the proposed optimization techniques by considering two numerical examples, namely simply supported beam and a two-dimensional frame structure. Different damage scenarios, with single and multiple damages are introduced to these structures in order to produce simulated modal parameters. Damage was simulated by reducing the stiffness of selected elements at different positions. FA and GA are then applied to these damage scenarios and the locations of damage and its severities are identified. The effect of noise is further investigated by introducing noisy data to the modal parameters and reapplying our techniques. [27] . A finite element model is constructed using 10 beam elements as shown in Fig. 1 . The intact beam is modelled using a constant stiffness, , for all elements, while the damaged beam is modeled by reducing of some specific elements. The beam is macroscopically considered homogeneous. Three different damage scenarios, D1, D2 and D3, were considered using different locations of damage and a reduction in stiffness in the damaged elements:
Simply supported beam
Scenario D1: A single damage at element 2 -reduction in stiffness of 50 %. Scenario D2: A single damage at element 8 -reduction in stiffness of 30 %. Scenario D3: A multiple damage at element 2 and 8 -reduction in stiffness of 50 % in element 2 and 30 % in element 8. The predicted damage locations and severities, as well as the convergence rates, for both proposed algorithms, are shown in Figs. 2-7 for all considered damage scenarios D1 to D3, respectively. From Figs. 2-7 , it can be seen that good results are obtained using FA and GA, which 
Iterations Convergence
Convergence using GA Convergence using Firefly predict accurately the location of damage and its severity with a small amount of error. Furthermore, the damage detection algorithm based on FA provides mush faster convergence rate that that based on GA. It can be also observed that damage scenario D2 has a slightly faster convergence that scenario D1. This can be due to the fact that in D2 the damage is more towards the middle of the beam that in case of D1. For the multiple damage scenario, D3, this study shows that FA and GA together with COMAC can effectively identify multiple damages in beams. It can also be observed that the rate of convergence of damage scenarios D1 and D2 is faster than that of D3. This is because D1 and D2 have only a single damage, whereas D3 has two damages at two different locations. 
Damage of a two-dimensional frame structure
We consider now a more complex structure, namely a two-dimensional frame structure as shown in Fig. 8 . It consists of 17 beam elements, 10 nodes and 30 DOFs. This structural system is used to evaluate the ability of the proposed methodology to detect damage in a more complex structure. As it has been seen in the previous numerical example, FA has a better performance than GA and provides faster convergence, therefore only FA is used in this analysis. The material constants of the frame structure are: elastic-modulus 
Iterations
Damage Index 2th element using firefly 8th element using firefly identification of damage locations and severities are obtained. This demonstrates the accurate prediction of our approach in case of multiple damages in complex structures. Regarding convergence rate, it can be seen that the damage scenario D4 shows slower convergence rate when compared to scenarios D1 and D2. Again, this sounds as logic results since scenario D4 contains four locations of damages with different severities, whereas D1 and D2 contain one location. Thus, the more damage locations in the structure, the slower the convergence rate and the more CPU time required. It is worth mentioning that the objective function used in FA, Eq. (4), depends on the boundary conditions. This is because COMAC is a function of modal vectors, which depend on boundary conditions. If the boundary conditions are changed to clamped-clamped or free-free, a different modal vector will be produced for not only the intact girder, but for also the damaged one. By 
Damage Index 5th element using firefly 8th element using firefly 14th element using firefly 17th element using firefly using these two modal vectors in Eq. (4) and applying FA, damage can be detected in a way similar to that for the simply supported case.
Effect of noise
In order to investigate the effect of noise on our damage detection technique, White Gaussian noise was considered on complete and incomplete (first ten modes) modal data for damage scenario D4. The th noisy response , is simulated by [28] :
where is the noise level and is a random number in the interval [−1; 1]. Noise level of 10 % is introduced to the reference data of D4. The convergence of the results is shown in Fig. 11 . Comparing Fig. 9 with Fig. 11 , it can be seen that the convergence rate becomes slower by increasing the noise level. Thus, the higher the noise level, the slower the convergence rate and the more CPU time required for convergence. The results are also summarized in Table 1 for comparison purposes between the estimated damage severities in scenario D4 with and without noise. From the results, we can observe that, when the noise is included in the problem of fault detection, our approach based on Firefly algorithm can detect damage with high accuracy.
Conclusions
In this paper, an optimization approach has been developed and used for vibration analysis of beam-like and complex structures to detect and locate multiple and single damage. The approach is based on using Firefly Algorithm and Genetic Algorithm as optimization techniques and the Co-ordinate Modal Assurance Criterion as objective function. A theoretical study using simulated data for a simply-supported and a two-dimensional frame structure has been conducted. The study showed that the Firefly Algorithm and Genetic Algorithm were effective to identify the locations and severities of multiple damages in complex structures. However, Firefly Algorithm provided 
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Convergence with Noise
Convergence with Noise 10 % Using Firefly faster convergence rate than Genetic Algorithm. It was also concluded that the convergence rate depended on the location of damage and the number of damages in a structure. The more damages in the structure, the slower the convergence rate. When the noise effect was taken into consideration, it was shown that our approach was able to detect the damage locations with high accuracy. However, the convergence rate became slower in case of high noise level compared to the case when no noise was present.
